ABSTRACT: Rapid progress in the development of novel experi-
S
tem cells in the postnatal life of mammals are capable of indefinite self-renewal, i.e. they show low mitotic turnover throughout lifetime without entering differentiation, and produce differentiating daughter cells (1) . Most stem cell systems make use of progenitor cells, which usually show high mitotic activity and produce the final differentiated cells needed for tissue homeostasis (2) . Thus stem cells, which show higher proliferation only after major pathologic events, act as a regenerative reserve, whereas progenitor cells act as a functional reserve (2) . The male germline of non-human primates and humans combines true stem cells, having low mitotic activity, with progenitor cells that produce a high number of differentiating daughter cells in a system ideally suited for maintaining the integrity of the genome, and the daily output of millions of motile sperm; two tasks, which are of key importance, for insuring the transmission of the genome to the next generation, during a reproductive life that spans several decades (Fig. 1) .
In females, the current generally accepted view is that oocyte production ceases during fetal development leading to a finite stock of oocytes at birth. Only a few oocytes will be released during ovulation during reproductive life. The majority will be lost due to atretic degeneration, and replenishment of the oocyte pool from germline stem cells does not occur (3) (4) (5) (Fig. 1) . However, recent reports have challenged this concept. It has been shown that primordial germ cells in culture dishes are capable of forming oogonia and follicle-like structures (6) , and that ovarian regeneration may occur from stem cells or arise from stem cells located in the bone marrow (7) (8) (9) .
CURRENT ADVANCES IN MALE GERMLINE STEM CELL BIOLOGY
In the male, studies of germ cell biology have traditionally addressed the differentiation of premeiotic germ cells, spermiogenesis, and the interaction of germ and Sertoli cells (10 -17) . More complex data on non-human primate spermatogonial organization and physiology have only recently been published (18, 19) . Proliferating spermatogonia in rhesus monkey show a complex pattern of clonal expansion. Differentiating germ cells within these clones are fully synchronized (Fig. 2) . We observed that the proliferation of spermatogonia is initiated from small clones and involves clonal splitting to determine whether the cells undergo self-renewal or differentiation.
In mice, it has recently been shown that even primordial germ cells isolated from the embryonic epiblast or teratocarcinoma cells have the potential to function as germline stem cells colonizing the testis and generating male germ cells (20, 21) . These findings indicate that the testicular microenvironment offers unique niches to germ cells, and that only this unique testicular microenvironment allows germline stem cells to enter the differentiation pathway. This theory is enforced by in vitro findings (22) (23) (24) (25) (26) .
DIFFERENCE IN GERMLINE STEM CELL BIOLOGY IN PRIMATES AND RODENTS AND THEIR INFLUENCES ON THE INTERPRETATION OF ANIMAL EXPERIMENTS
Six different types of spermatogonia have been identified in the rhesus monkey (10, (12) (13) (14) (15) 27) : A dark , A pale , and B 1 through B 4 spermatogonia. A dark are considered to be the spermatogonial stem cells, A pale are undifferentiated spermatogonia, and B 1-4 are differentiating spermatogonia (Fig. 2) . In men, only three types of spermatogonia have been described: A dark , A pale and only one generation of B spermatogonia (Fig. 2) . In contrast, in the mouse, seven types of A-spermatogonia and one B have been defined (16, 17) : A single (spermatogonial stem cells); A pair , and A aligned (undifferentiated spermatogonia); A 1 , A 2 , A 3 , A 4 , and B (intermediate or differentiating spermatogonia). (Fig. 2) .
The key difference between the spermatogonial organization in rodents and primates is not based on numbers or subtype distinction, but in the fact that in primates, the A dark acts as a true reserve stem cell and the A pale as progenitor. In rodents, these two functions are combined in one cell type, A single (Fig. 2 ). This important difference is probably the reason why cytotoxins and irradiation have differing effects in rodent and primate testes. Experimental methodology and reproductive concepts derived on the basis of rodent studies are often not transferable to primates, or into a clinical setting. These observed differences reinforce the need to validate any new findings through reproductive studies in primates before introducing new concepts and methods into the clinical environment. The following sections will focus on the rather limited number of preclinical and clinical studies dealing with the effect of cytotoxic treatment, and options to preserve the potential subsequent infertility of the patients. 
DIFFERENCES IN GERMLINE STEM CELL BIOLOGY IN FEMALES AND MALES AND THEIR INFLUENCES ON THE EFFECT OF GONADOTOXIC THERAPY
In general, cytotoxic treatment and irradiation target rapidly dividing cells. It has been known for many years that the testis, especially its rapidly dividing germ cells, is highly sensitive to these treatments. Low doses of cytotoxic drugs or irradiation deplete the differentiating spermatogonia, while less sensitive spermatogonial stem cells survive, and spermatocytes and spermatids continue their maturation to sperm (28) . In sexually mature men, testicular involution is a slow process lasting several weeks until temporary or permanent azoospermia is attained. In the human and primate testis, the exact mechanism of recovery from this damage is uncertain, but appears to involve the activation of surviving spermatogonial stem cells. The speed of recovery is dependent on the type and dose of cytotoxic drugs, and/or the dose and fractionation of irradiation therapy (29) . Stem cells must first re-colonize the seminiferous tubules and then give rise to differentiating germ cells (Fig. 2) . In the spermatogenic epithelium of humans, re-colonization can be detected 9 -18 mo after dose 1 Gy and more than 4 y after dose 10 Gy (30, 31) . In humans and primates where spermatozoa may be isolated in testicular biopsies, it has been shown that recovery after severe damage occurs only focally in a few seminiferous tubules. Patients will be permanently infertile if tubules become fully hyalinized or a complete Sertoli cell only pattern is established (32, 33) . The spermatogenic stem cells are susceptible to this type of damaging insult at all ages, but the full impact on spermatogenesis manifests itself during onset of puberty (34) . Observations suggest that major reason for absent recovery of primate spermatogenesis is the lack of stem cells. This finding is contrary to rodent testis, where cytotoxic insult often induces a block to spermatogonial differentiation, which may be reversed by hormonal treatment after genotoxic insult (35) .
In the ovary, cytotoxic damage is transmitted differently since germline stem cells are not present in large numbers and do not show significant turnover (3) (4) (5) . Cytotoxic insult decreases the amount of primordial follicles, and it appears that this pool is never replenished. Severe damage may deplete the entire follicle pool resulting in permanent ovarian failure (36) (Fig. 1) . Cytotoxic insult may also hasten the natural decline of primordial follicles leading to premature menopause (36) . Younger patients have more oocytes, thus gonadal damage seems to be less severe than in older women. Regular ovulatory cycles can still occur, but the fertility window of young girls is reduced (37) . Due to the innate biologic differences between ovaries and testes, gonadotoxic agents affect fertility in men differently than in women. Men are more susceptible to clinical sub-fertility, which may recover with time, whereas women may be at risk of premature menopause (Fig. 1 ).
NEW CLINICALLY RELEVANT TECHNOLOGIES FOR PRESERVATION OF FERTILITY
Non-gonadotoxic cancer therapy. Table 1 presents an overview of the current and the potential future applications for fertility preservation in oncological patients, and reviews the status, limitations, risks, advantages, and disadvantages of each procedure. The high risk of gonadal damage is associated with gonadal or total body irradiation and high-dose chemotherapy (37) . Optimal cancer treatments, which would directly target the malignant cells, would have no side effects on the gonads. Improved oncological treatment protocols have made progress in this direction. For example, until recently treatment of testicular cancer and Hodgkin disease had strong gonadotoxic side effects. The discovery of cisplatin-and non-alkylating agent-based therapies to treat these diseases offers not only a high cure rate, but also a high probability that patients spontaneously regain their fertility (38, 39) . Although the protocols are under constant review, presently it is unlikely that the treatment strategies for the most malignant diseases can be improved upon without diminishing their efficacy.
Gonadal protection. Protective effects of shielding or removing testes and ovaries from a radiation field are wellknown (37) . Gonadal protection through hormonal suppression is based on the principle that disruption of gametogenesis renders the gonad less sensitive to the effect of cytotoxic drugs and irradiation (40) . If proliferation of germ cells in the male and granulosa cells in the female could be hormonally inactivated, they might be less vulnerable to cytotoxic treatment. Unfortunately, all attempts to develop a successful gonadal protection strategy have failed in humans and primate models (40) . It appears that the hormonal down-regulation of the testes does not protect the spermatogonial stem cells from the sonadotropins effects since these cells are not regulated by hormones (41) . Recruitment of primordial, and development of primary follicles are not under gonadotropic control (42) . Therefore, in primates the elimination of gonadotropic hormones has little or no beneficial effect.
Cryopreservation of gametes.
The most reliable and routinely used option for fertility preservation in adult male patients is cryo-preservation of sperm. All pubertal boys with testis volumes above 10 -12 mL are encouraged to donate a semen sample before cancer therapy (43, 44) . Alternatively, electro-ejaculation or testicular sperm extraction from a biopsy can be used as a source to retrieve spermatozoa for boys unable to ejaculate (33) . Expediency in fertility preservation due to urgency for immediate cancer therapy poses a unique issue in these young patients (see discussion on ethical aspects below). Testicular spermatozoa have been of similar value in intra-cytoplasmic sperm injection (ICSI) attempts as those retrieved from ejaculated sperm (45) . However, all options for fertility preservation in boys before spermarche remain entirely experimental. No pregnancies have been reported after in vitro maturation of haploid cells harvested from pubertal testes.
Mature eggs have been cryo-preserved successfully, and offspring has been generated by assisted reproduction techniques (ART). In sexually mature adolescent girls, ovarian stimulation and oocyte retrieval might be an option before gonadotoxic exposures. However, the pregnancy rate with frozen-thawed oocytes is low (46) . In addition, the procedure requires considerable time and long-term experience is lacking. Therefore, this technique is not recommended as routine application for adolescent girls with cancer (37, 47) .
Transplantation of gonadal tissue. In recent years, novel tools have been developed using gonadal tissue as a strategy for fertility preservation. Ovarian tissue consisting of maturing oocytes (up to level of primordial follicles) can be removed and stored before gonadotoxic treatment for girls of all ages. Maturation of tissue can be initiated by auto-transplantation of tissue after the cancer has been cured. To date there are no reported pregnancies using immature ovarian tissue. The feasibility of cryo-preservation of cortical strips, and the high number of primordial follicles in the immature ovary would most likely make this approach more successful in girls than has been reported in adult patients (4, 48) . Storage of ovarian tissue has started in many centers and selection criteria for cryo-preservation of ovarian cortical tissue have been developed (37, 47) . Alternatively, culture and in vitro maturation of ovarian follicles has successfully been developed in animal models, but the method is still regarded an experimental approach (49, 50) .
Theoretically, transplantation techniques are likely to be more successful in boys since testicular tissue contains spermatogonial stem cells, which may be activated and recruited into germ cell development. Transplantation might be achieved either by grafting the tissue to an ectopic site where once revascularized the graft can generate sperm, or by isolating and transplanting spermatogonial stem cells back into their niche in the testis where they may recolonize the seminiferous tubules and ultimately generate mature germ cells (51) (52) (53) . The latter technique is unique as it has the potential to restore natural fertility from a patient's own germ cells (Fig.  2) . Both strategies have been developed in rodent animal models (54) and show promise for development in clinical application (see below). In contrast to females, in vitro generation of sperm from spermatogonial precursors has not been reported and must be considered non-achievable at the current level of knowledge and technology.
Storage of gametes and gonadal tissue is an important factor to guarantee success of fertility preservation with germ cell transplantation. Cryo-protection with ethylene glycol and DMSO (DMSO) and slow-programmed freezing have been applied clinically for cryo-preservation of ovarian tissue. Fertile oocytes have been obtained, resulting in live births after transplantation (55, 56) . Due to the absence of good markers and very low numbers, male germline stem cells are best cryo-preserved in an enriched suspension. Alternatively, testicular tissue can be cryo-preserved and used in testicular xeno-and autografting, or subsequently enzymatically dispersed, leading to a single cell suspension, which then can be used in germ cell transplantation (51) (52) (53) . Crude single cell preparations and fragments from adult testis and testicular fragments from cryptorchid testes from young boys have been cryo-preserved using propanediol, glycerol, ethylene glycol or (57) (58) (59) . However, none of these studies have assessed the stem cell capacity of the surviving human spermatogonia.
THE POTENTIAL APPLICATION OF THE NOVEL TOOLS FOR FERTILITY PRESERVATION IN A CLINICAL SETTING
Spermatogonial germ cell transplantation. A clinical trial was initiated at the Christie Hospital in Manchester, UK in 1999 (60) to test the positive effect of germ cell transplantation. Testicular biopsies were obtained from adult males with solid tumors and cryo-preserved as single cell suspensions before cancer treatment. Five years after the initial report, seven out of twelve patients had received a transfer of the cryo-preserved germ cells. Fertility disposition of these men is not described and the follow-up is ongoing (61) . Preclinical studies have demonstrated the feasibility of transplanting germ cell suspensions into the testes of nonhuman primates and man (53, 62) . A study mimicking the oncological depletion of germ cells by local testicular irradiation in monkeys (53) highlights many of the ensuing clinical challenges. Crucial steps for successful re-fertilization are the safe retrieval of sufficient testicular tissue before cytotoxic insults, avoidance of ischemia, cryo-preservation and thawing of cell suspensions or tissue, sorting of tumor cells or enrichment of stem cell spermatogonia, and efficient ultra-sound guided noninvasive transfer of germ cell suspensions into the rete testis.
Testicular xeno-grafting. Grafting of testicular tissue has been experimentally tested as a xeno-approach but no reports are available on autologous grafting. Limited survival of human testicular tissue was shown to occur in xenografts (63) . It is quite intriguing that pre-damaged testicular tissue from cancer survivors or transsexual patients showed better survival than tissue from infertile patients with active spermatogenesis. These findings confirmed previous animal studies (54) that grafting of adult testes is less favorable than grafting of immature testicular tissue. Xenografting of fresh or cryopreserved monkey testicular tissue has been shown to be successful. Testicular grafts have shown full spermatogenic development several months after xenografting (64) . Live births using spermatozoa from grafted testicular tissue have been reported only in studies using rodents.
Ovarian autografting. Grafting of human gonadal tissue has been more intensively tested in females and has become an experimental tool in several clinics. The first live birth after ovarian grafting was reported in a monkey following heterotopic ovarian transplantation (65) . Meanwhile several clinical studies have shown that orthotopic auto-transplantation of cryo-preserved ovarian strips can result in retrieval of fertilization-competent human oocytes (66) and healthy live births (55, 56) .
RISKS ASSOCIATED WITH GONADAL GRAFTING AND GERMICELL TRANSPLANTATION STRATEGIES
Risks associated with collecting gonadal material. When performed prior solid tumor treatment, the laparoscopic sampling procedure performed to collect ovarian tissue is not associated with an increased risk for operation complications (67) . In a recent follow-up study there were no adverse long-term effects associated with testicular biopsy when performed during orchidopexy on cryptorchid boys (68) . Complications associated with gonadal biopsies may vary among leukemic patients. Traumatic lumbar puncture has been shown to be associated with increased risk to leukemia relapse in the CNS (69) . This observation raises questions as to whether a similar risk might be associated with testicular trauma at the time of the overt leukemia. Barrier function in testicular vessels resembles that of blood-brain barrier (70) and inoculation of leukemic cells into an immunologic sanctuary site such as the testis could have adverse effect on prognosis of leukemia. Unfortunately, testicular biopsy material collected in the past to detect testicular leukemic infiltration (71) cannot be used to address this question since most of the biopsies were collected after initiation of chemotherapy.
An important point for risk estimation is the availability of an optimized amount of gonadal tissue. The follicle reserve in young girls is known to be larger than in adult women (4, 48) . In pre-pubertal testes, the absence of differentiating germ cells causes an enriched numbers of stem cells. Pediatric patients may therefore require a smaller amount of tissue for fertility preservation than that needed from adults. On the other hand, due to the reduced size of the gonads in children and the fact that the intense growth phase of the testes has not yet begun, immature gonadal tissue might be at higher risk for damage by the sampling procedures.
The clinical applicability of ovarian transplantation to prevent premature menopause has been demonstrated in sexually mature women having few primordial follicles. Biopsies collected form young girls are most likely to provide sufficient material for germ cell transplantation. Three critical points should be noted. First, at least 60% of all follicles are expected to be lost during the initial ischemia after transplanting ovarian samples (48, 72) . Second, primordial follicles have been shown to be unevenly distributed throughout the cortex of the ovary and actual numbers of follicles may vary greatly in multiple samples from same ovary (73) . Finally, ovarian grafts are expected to have a limited lifespan. Grafts typically become hormonally active between 3 and 4 mo after transplantation, and so far only few years survival of grafts has been described (74) . The limited viability of a graft indicates that re-transplantation should be performed close to the time when conception is desired. The procedure may also require multiple ovarian grafts. Multiple ovarian biopsies and removal of the entire ovary has been used for ovarian sampling for young girls with cancer (67, 73) . Ovariectomy provides more tissue for transplantation but decreases the total number of oocytes, reducing the possibility for spontaneous recovery of ovarian function. This is relevant in the case of young girls before menarche, who have some prognosis for retaining ovarian activity after total body irradiation (75) . Nevertheless, little is known about the effects of removing one ovary on future fertility and age at menopause. A trend toward a younger age at the onset of menopause in women with one ovary has been observed in some studies, but the clinical data are not uniform (76) . Since the combined effect of ovarectomy and gonado-44R toxic treatment on ovarian reserve is not known, removal of several ovarian cortical strips rather than the entire ovary is suggested to be the most appropriate cryo-preservation method for young girls (37) .
There are no human or primate studies revealing how many spermatogenic stem cells can be retrieved from the prepubertal testis. According to morphologic studies, it is estimated that one testis of a 10-y-old pre-pubertal boy contains approximately 83 ϫ 10 6 germ cells. The corresponding figure in a boy less than one year old is 13 ϫ 10 6 germ cells (77) . In the testis of the juvenile rhesus monkey (16 -19 mo of age) there are approximately 14 ϫ 10 6 A dark spermatogonia, all of which are putative spermatogonial stem cells (78) . Apparently only a small fraction of them could be collected by standard testicular biopsy. A mean biopsy size of 0.34 mm 3 , used in the study of Kvist et al 2005 (59) , which is 10% of the testicular volume of the juvenile rhesus monkey, would maximally result in 14 ϫ 10 5 A dark spermatogonia collected (78) . The colonization rate of the slowly cycling primate A dark spermatogonia (see above) is expected to be much lower than 4%, which is observed in transplantation assays, for morphologically identified rodent stem cell spermatogonia (79) . Thus, it is likely that spermatogonial stem cell transplantation is not clinically applicable without a method to expand spermatogenic stem cells or to increase their colonization capacity. Strategies for in vitro expansion of spermatogonial stem cells have only been described in mouse (80, 81) . It must be noted that success of spermatogonial stem cell transplantation is also dependent on the quantity and quality of stem cell niches in the transplanted testis.
Risks associated with transplantation of gonadal material. The greatest risk with gonadal tissue re-implantation procedures is the possibility of reseeding tumor cells in cured cancer patients. All successful clinical studies with ovarian grafting have so far been done after treatment of adult solid tumors. Although no methods to deplete cancer cells from the tissue grafts were applied, no cancer relapses have been reported. Because a majority of the pediatric tumors have the capacity to spread hematologically, the risk for intra-vascular contamination and gonadal involvement might be significantly increased. Instead of ovarian tissue, a suspension of primordial or primary ovarian follicles could be autografted in plasma clots, thereby allowing a purification step before grafting. This approach has restored estrogenic activity and fertility in a mouse model, but has so far not been used in humans (82) . Only an 89% depletion of breast cancer cells was detected when activated lymphocytes were used as a purification tool in human follicle suspension (83) . The purity of ovarian grafts cannot be guaranteed because the sensitivity to detect residual cancer cells in tissue or cell suspension will not be higher than a level of one in 10 5 cells (84) . In the pediatric setting auto-transplantation of ovarian tissue, based on the current methods, raises a number of serious concerns regarding the long-term safety of the procedure.
In the case of auto-grafting testicular fragments, risk of relapsing cancer may be even higher since the testis is known to be an immunologically privileged site, harboring contaminated leukemic cells late after initial treatment (85) . If testicular single cell preparations are used, the option for cell sorting exists. Recent promising results from a leukemic mouse model show that leukemic cell contamination can be eliminated from single cell testicular samples isolated by flow cytometry (FACS). In this model healthy offspring was born after transplantation of FACS sorted germ cells (86) . Although the results in the mouse model are promising, there are several clinical concerns with this method. Cell surface marker based purification protocols rely totally on individually verified surface markers. Although some specific spermatogonial markers are reported, many of them have been shown to be shared with leukemic cells (86) . Phenotypical variation of surface marker expression by cancer cells may also result in escape from FACS-guided deletion. Recently, we observed that cancer cells could aggregate with germ cells; this could be another way malignant cells might potentially contaminate FACS purified samples (unpublished observations). It is also unclear if the small biopsy sample from young children could provide enough cells for the needed purification steps. The major limiting factor for FACS purification is mostly to be the low detection level of contaminating cancer cells, which at its best is one event among 10 4 -10 5 sorted cells (87) . Xenografting of testicular fragments to intermediate immunodeficient hosts (nude mice) could serve as a method to detect minimal residual cancer cell infiltration in the grafted material, but may also serve as a mean to differentiate germline stem cells into gametes that may be used for ART. Auto-transplantation to an ectopic site on the patient may also serve the latter purpose, but will not eliminate the risk of cancer cell contamination in the graft. Grafting testicular fragments would require much less testicular material than spermatogonial stem cell transplantation. In this context one unexplored area of research, which must be taken seriously, is the risk assessment associated with the transmission of viruses or other contagious agents via gametes generated in xenografts. Incorporation of foreign DNA or recipient-specific viral information from a temporary host or contagious agents into human germline is unacceptable. Changes in the DNA would manifest in the offspring of the cancer survivors and could potentially lead to tumor induction or any number of unpredictable consequences. Future studies will show if this risk is real, and whether preventive strategies can be developed.
ETHICAL AND OTHER CONCERNS IN FERTILITY PRESERVATION IN CHILDHOOD
In a child or an adolescent with a cancer diagnosis, the first concern is survival and not preservation of future fertility. However, the management of this latter aspect at the time of diagnosis is ethically problematic particularly in younger age groups, given the time constringency in the onset of cancer treatment and the problems with obtaining informed consent from children. At the present stage no promises can be made at the individual level that cryo-preserved gonadal tissue will ever be functional as a source of germline stem cells. Another important ethical aspect is the question of legal ownership and rights applying to the banked ovarian and testicular material 45R containing gametes or potential gametes. The legislation, if any, on this issue may vary in different countries but should develop as modernized laws emerge.
The use of the cryo-banked tissues and cells is governed by parental decisions, albeit of restricted legal validity. In young children, parental consent should not be static and should be reviewed regularly. If technical developments change the prospects of the fertility preservation plan, amendments should be possible. The child must be involved in increasing degrees as the child's autonomy grows until finally he/she can make informed decisions as a fully responsible adult (88) .
The transplantation techniques for gonadal tissues and cells require multi-disciplinary approaches available at the university hospital level. These activities, though costly, are dependent on skilled basic scientists working along with dedicated clinicians. Rapid technical development and high level of activity in the field of ART give hope that we will soon have a more solid evidence base to back our decisions.
